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Thin Film Microstructure: Simulation and Theow

A. Mazor, D. J. Srolovitz, P. S. Hagan, ●nd B. G. Bukiet

Los Alamos National Laboratory
Los Alamos, NM 87S4S

ABSTRACT

The nature of the microstructure of
physical vapor-deposited films depends
sensitively on the substrate temperature
during deposition. At low temperatures the
microstructure is porous and ballistic aggr?-
gation-like, at intermediate temperatures the
microstructure is columnar, and at elevated
temperatures the grains are three dimensional.
These different micro structural regimes are
known as Zone 1, II! and Ill, respective .

o~r:::nt:~lui:n:~icji:~~theoretical analysis IS
temporal evolution
structure (Zone It) is studied, The columnar
microstructure is shown to be a balance
between shadowing (which results in Zone I
microstructure) i~nd surface diffusion (which
tends to smoott, the surface). In addition to
predicting the proper microstructure, this
analysis properly predicts the temperature at
which the Zone II to Zone t micro structural
transition occurs. Since bulk diffusion is
negligible and surface diffusion controls the
microstructure in Zone 11, the microstructure
in the bulk of the film, may be viewed as
frozen and all rnicrostructural evolution
occurs at the current, or active, surface. A
Monte Carlo cornputcr simulation technique
which models the microstructural evolution of
the surface i? presented. The simulation
Iollows the te, aporal evolution of realistic
tilree dimensional Zone II microstructure and
accounts for grnk.’th competition betwe~n
~dlacent gra)ns and the formation of film
texture.

1 lNTRODU~TIC)N

The microstructure of physical
depositeu (PVD) films is known to be se;;i??vre
to deposition condition., among which the
substrate temperature T is of particular
importance, Three diffetent types of micro.
structure have been identified for vapor
deposited films corresponding to three dif-
ferent substrate t~rmperature regimes, ~.? Zone
I (0 < T < TI, where TI - 0,3 Tm for metals, -
0 24 Tm for oxides, and Tm IS the melting
point of the film) is characterized by a
porous structure of crystallite separated by
voided regions, the thickness of which is of
order a few hundred angstroms. In Zone II (T I
< T < TI, where TZ - 0.45Tm) the film i% made up
of columnar-grains separat~d by metallurgical

‘1
grain boun aries (i, e, no porosity, widths of
order 5-10 ), In Zone Ill (1 > T~) the
$tructure consists of equiaxed grains.
ever,

tiow -
the micros tructural features In thi%

tone are sensitive to the type of maierlal, ~

The nature of the surfaces of these films Is
correlated with the underlying mlcrottruc.

ture. d In Zone 11 the crystallite tend to
have domed tops with rough surfaces Zone II

!
rains have smooth matt surfaces. F:nally, in
one III the surfaces are referred to as

“bright”, based on optical microscopy.

A number of suggestions have been made
regarding the mechanisms underlying these
three microstructural zones. Ballistic aggre-
gation studiess have predicted the porous
microstructure of Zone 1, under the assumption
of negligible diffusion at the lowest deposi-
tion tempe~~hres. These studies compare
favorably the transmission electron
microscopy observations.3 The transition to
Zone II with increasing temperature is

~iffusivity. This view ,S supported by the
●nerally viewed as due to increasing surface

Arrhenius grain size/temperature relation (at
fixed film thickness) which yields the same
activation ●nergy as for surface diffusion,6
Additional support is provided by the simula-
tions of MUller.7 Based on activation energy
determinations, the transition to Zone Ill has
been attributed to the importance of bulk
diffusion at T >9.5 Tm. However, recrystal-
lization ●rid/or qrain growth have also been
suggested as po$sible candidates, resp ~nsible
for this transition.

Ii} the present paper, we present analytical
and simulation results relating primarily to
Zone II microstructure. First, we propose a
nonlinea. partial differential equation for
the space-time evolution of the microstruc-
ture. This equation yields the onset tempera-
ture of Zone II (i.e. T - 0.2Tm), the band of
unstable modes, and the stead -state columnar
microstructure characterized L y small ampll -
tude, regular surface rellel, This matt sur.
face becomes smoother with increasing
temperature. At T ~ 0.5Tm, the surface is
smooth over urn length scales, In order to
provide a more concrete picture nf the
microstructure ●nd its development in the
surface diffusion controlled, Zone II regime,
we

1’
resent Monte Car!o computer simulation

resu ts of Zone II micro structural evolution,
The microstructure, shown both parallel to
and per endicular to the growln

f %
surface, are

In exce lent correspondence wit experinl. n-
tally observed Zone II mlcrostructures. The
simulations explicitly consider both grain
boundary energy and surface ~nergy driven
mlcrostructural evolution.

II, THE W RFACt. EVOLUTION, EQUATl~N

We now
r

repose a nonllnear one-dimensional
partial dif erentlal equation dsrscrlblng the
evolution of an arb~trary Initial surface pro
file, h(~, t = O) under the joint In fluance
of a constant uniform deposition rate J of
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finite-size atoms (of radius 8), and surface where D, = 0$ Of22t/KBT. In

diffusion. a
Cartesian

The coordinate system employed is coordinates, Eq. (2) nlay be written a$
indicated in Fig, 1. In the continuum limit
(8~0) :Ie surface height grows uniformly

I
h, = -[J (1+#-’f2

., m
with a rate J, When the Implnglng atoms are hil/(l +h; I

of finite size (6 % O), the local arowth rate
c’ x I‘1

of the surface depends on tl e surface
The final eou ation describing the evolut

curvature. Following the suggestion of L@amy of the surface under the combined aCti On
et al., g we note that the center of an atom surface dlffu510n
sitting on a surface is actually at a height /3

and a constant deposit

above the surface. This imnlies that
the rate of fi,llte size atoms IS given by:

deposition does n6t take place” on the actual
surface h(x, t), but on an Imaginary surface

h

di<placed by 6 from h(x, t). Depending on the
h,= J-iiJ

- -“l’ Wld’+hrl I
surface curvature, K, the projected length of

(l + h:)~’~ xx

an element of this imaginary surface on the u- Equation 4 may be written In dimension
axis is either greater or smaller than tile form by making the followlrlg change of
projected length of the corresponding eiement variables:
of h(x, t) (see Fig. 1). This implies that an
element of the surface (h(x, t)) receives a net

Ir.? Irz ~2J2

flux of atoms either

7

//=(;)
rester (for K > O) or ()

(h-J() , Z= $+ X ,undt =-t.
4[1

smaller (for K < 0 than J A flmp le This yields d
c t

~neobrnetrlc constr,’ction yields to Ieadlng order .

(3)

on
of
on

(4)

ess

/1, == -2 (-+ -[(’+’’:)-’”1-21,.1,(1 +Hy H

(1)
a

or by writing g = Hz/(l + HZ2)”2

~L=(l-g~):~
1

-2g, -l(l.-#Y~#zzl,
8

Ill, SURFACE EVOL~ON RESULTS

A. Linearized Results

(5) ‘

(6)

K.(I

6 S__h(\,l)
K.11..——-_— . .

,., ,, ,, \

l—

“,44!.WLJ ~~“’ ‘“

Figure 1, The film geometry (K is tile surface

The linearized version of Eq, (4) is
sufficient to predict the transition betw+en
Zones I and 11, In the small slopu Iimlt Eq.
4 reduces to

h, = J - M hu - D,h,=u (7)

Fourier decomposition of this equation yields

(8)

curvature) for a perturbation of a vvavt?number k (or

A$ mentioned above. surface diffusion Dlavs
wavelength A = 2nlk). The unstable (stable)

a major role in the” evolution of Zone ‘II
microstructure, Following Mullins,19 we de.
rive an expression describing the evolutlon of
an arbitrary surface due to surface dtf -
fusion, Since the chemical peter, tial

t
of an

atom on a curved surface IS raised by u lK (u IS
the $uiface ene; gy and (2 is the atoml: volume)
over that of a tlat profile, the velocity of
atoms along the surface ul

/1,V 1$1
1,
I -“”-K,, ‘/ ii

where DS IS the surface
the thermal energy and S IS an element of arc
along the surface. The \urface current of
atoms IS given by r UI where r IS th@ number of
atoms per unit area, FIIIally, the veloclty of
the surface normal to itt~lf IS

Is

/),y(ltl JK
.—. —

K,, ‘r As ‘

dlffuslvity, KBT IS

1, ../) VIKI)v,y(r(!,) , ,$ , (2)

modes- a-re associated with positive (ne ative)
arguments of the exponential in Eq, (3 (see
Fig, 2) A banti of unstable modes exist be-
twaen A = AOI(411JD@/8J) l/2 and A = In, for an
unbounded system. The maximally unstable mode
has a wavelength: Am R (8n2D./5J!ll2~ 1 hese
results

lengths ~~~~~er ‘“~}~j perturbations 07

wave-
n the dlffuston length are

smoothed by the surface dlffu$ion, whereas the
long wavelength perturbations grow unstably
The nonlinear terms, however, !aturate the
Ion

!3
wavelen th Instablllty Into a relatively

sma I amplttu e columnar surface profile (see
below)

Alt~~5~ ~ Eq (4) 1$ a continuum equation the
film ? is composed of discrete otom$
Thl} Implls?s that length $CIIOS smaller than a
few 8 are meanlnqless, /4s a conse uence, wt!efl

%the diffusivlty is so sm~ll that t e dlffuslon
length, Ao(T), is $mal!et than a few H, It IS
as if DO were identically zero In Eq 4
Without thit diffu$lon !errn to ~tablll~c $hort
wavelengths, the surface profile IS url$table
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with respect to perturbations of effectively
any wavelength. Furthermore, the remalnlnq
nonlinear terms In Eq. 4 do not saturate any
of these perturbations.

h
,,1 4 k

Figure 2, The dimensionless dispersion rela-
tion for the perturbation modes of wavenum -
bers k, ko and km are associated with the
shortest wavelength and maximally unstable
modes, respectively.

Equ~~~g AO(T) w:; h few 8 (we arbltra;il,~
use i.e., = [4n2De(T)/8J] l/2,
yield a c’ritical temperature, TC, above which
surface diffusion plays essentially any role
in the micro structural evolution. Since De is
proportional to D~, which depends e poten-
tially on temperature (DS = DO e-O/KB~ where

Q = [5 +20 T/3 T~]KBT~), T is relatively insensi-
tive to variations aroun~ the minimum diffu-
sion length (-56), Choosing o = 103 dyne/cm, fl
= 2 x IO-23cm, 6 = 4 x 10-6cm! and J = 10-6

cmlsec, the equality 56 = Ao(T) IS satisfied at
T = Tc = 0,2Tm, This temperature IS very
close to the transition temperature T! between
Zone I and Zone II (T I x 0.24 Tm for oxides
and 0.3 Tm for metals). We therefore conclude
that the change In microstructure occurring at
T, = T’c 15 associated with the onset of

“=’’+(%9”21i

2()
U-2

r. —
A+l

,(in(f II = urcsm(h2– A)

F and E are incomplete elliptical integrals of
the first and second kinds, respectively.

The steady state profiles, corresponding to
Eqs. (9-10) are indicated in Fig. 3 for
several choices of the undetermined constant,
A. These profiles are all oscillator
periodic with a wavelength whre;;~
monotonically with increasing A. For A > 0,
these profiles may be described as c,rcular
regions connected by lines of infinite slope.
Such profiles correspond to simple solutions
of Eq. 6, i.e. a sawtooth in g(x) between g =
1 and -1, In ord~t; ;~e demonstrate that these
solutions are steady states. we
numerically solve the full nonlinear, partial
:J:fedr:lntlal growth equation

random (Eq” 6) for Sin.(Fig, 4) and (Fi~, 5) j~~~j:!
conditions implicit,
difference Cr~;[-gNicol;~n scheme. a These
numerical results clearly show that the
preditted steady state solutions (Eqs. 9 and
10) are stable. Howevei, Fig. 5 shows that
once infinite slope regions are formed there
is little additional evolution of the profile
and hence the oscillations can be irregular
with no well defined wavelength. When the
initial deviations from a flat substrate are
small, the wavelength of the surface profile
will be determined by the maximally unstable
mode of the linearized equation (i.e. km, see
Section 111.A). This wavelength varies from
approximately 10-5 cm at T = 6,”3 Tm to 10.4cm

effective surface diffusion.
at T = 0.5Trn and IS of order the wavelength
of light, This roughness in the surface pro-
file may be the cause of the matted surface

B.._ Solution of the Nonllnear Growth Equation flnlsh I“n Zone II

While tl~e Ilnear anal sii presented above is
capable of predicting \l, it IS incapable of ,
describing the experlmentotly observed colum. ,\ -lo
nar grain structure of Zone Il. The micro-
structure is determined by the surface profile
which is saturated by the nonlinear terms In
Eq. 4. Emplo~lng

Ii 2
a mathematical technique

known as the free energ “
J

formalism we find
that Eq. 4 reache$ a stea y state described by

(1I \ (!

//2 II I H:) “* A (9)

where -1’A’ m IS an Integration constant.
Tht! differential equation IS solved by

\ {)<

2A
;~PIIl,d - !2VT7ik,l,r)

I
A -’1, .:-U

II
-.1) . . () I

2
x

Vm7(l, I/r) - 2//(11, I /r)}
II

1).. IA I.I, –, Ina IrIA . (). - Figure 3, The f;tready. state a;g~{~;
2 of

where (10) unde~eqr’mln~h con$tanYalfOyI~teqratlon

solutlon$
of the

A.



It IS of interest to note
Iatory surface profile which
cular caps IS stable because
curvature alona the surface IS

that the oscll- where Ogb and os are {he 9ra1n boundary and
consists of cl r-surface energy densities, respectively. For

the gradient Ingrain sizes, d, smaller than Am Eq. (11) is
everywhere ~erosatlsfted by a smooth, circular surface be-

and hence the-re IS r.o surface dlffuslon, Intween grain boundaries (see Fig. 6a). On the
real materials, where the surface ,s other hand, for d > Am diffusion IS Incapable
not isotropic, the morphology of t;~e;?~adyof smoothing the surface over length scales
state (no surface dlffuslon) film surface Incomparable to the grain size and the rough
not generally circular and may be deter mined surface morphology is obtained (Fig 6b)
by use of a Wulff plot. For a Iarcre number of 00
m-ate rials, the surface energy ;nlsotropy IS
such that the fj~~h surface will show faceted
oscillations. > crystallo raphicail Y

{
fac-

eted surfaces ate common morp ologlcal surface
features in vapor deposited films.

Ir

1,

.\
-.\\ .---- --,,, “. ‘)//“““ ‘-”

‘--HCr
L!h

d

Figure 6a. Smooth circular surface between
grain boundaries, for d < Am, where d IS the
grain-size, and Am is the wavelength of the
maximally uostabic mode. OS and Ogb are the
surface and grain-boundary energy densltles.
respectively. $ is the opening angle of the
groove

[ 1!

()
I n :n

Figure 4, The steady-state numerical solution
of E,4,

%
for a sinusoidal Initial condltlon “gure 6b ‘he rough surface molphcllogy

as o talned at t=l, Also shown ar~ obtained for d > Am (see text).

transient profiles.
For d < Am (Fig. 6a), the total ener y of

the system is reduced by coar>enlng O? the
grain size. This coars~ning process, as dls-

‘(I cussed above
the intersectibnOn;[ ?;~~~ra~~ ~~~~~;;~r~~~
the growin

3
surface.

grain caps o not have thea name curvature, a
net flux of atomz will occur across the grain
boundaries such that the velocity of the grain

I(I boundary surface interaction parallel to the
surface, u, is given by

“=(lvK , (12)

where a is a con~tant. Thi< implies that the
I 1)

1)

II in A n

Figure 5, The >teady-~tate numerical solutton
of Eq. 4, for a random initial condltlon, as
obtained at t = 2.4 AISO sh~wn are transient
profiles,

c Grain Boundary Effect$

The surface profile IS nlodified by the
presence of

?
rain boundaries Inter $ectlng the

growing sur ace, At th~ point of lr:ter -
sectlcin, a groove with an opening angle 1~ It
formed ($eo FIq, 6) This groove opening
angle ,s determined by Youn94s equation to be

(11)

meen grain size, <d>, WIII grow as

.:d~ 3 ={lf+p

(13)

where U’ and [) are constants and the second
relation IS valid In the Ilmlt that <d>~ SD ~
(le. late times). A tll~ growth law Is
typical of dlffuslon Ilmlted growth process
<d> is of order Am the surface morphology
changes from circularly capped grains to the
o~clllatory profile indicated I n FI

?
6b

Since the spacing of the surface OSCI Iatlons
does not vary, once formed, <d> eventually
becomes fixed at <d> = A~. Therefore, A film
viewed In cross section WIII have grains which

?
on avera e, WIII Increase In size with the
dist:nc.e rom the substrate and saturate at
<d> ~Am.



In this grain growth analysis we Ilmltedof the crystals, bounding the grain boundary,
ourselves to two spatial dimensions (i.e. athan the other, such that the grain boundary
one dimensional surface), where grain bound-migrates towards its center of curvature.
aries are Ilnes. In a real film, grain bound-Except at early times where the surface
aries are Interfaces that generally have curvature may dominate, the evolutlon of grain
curvatures of order I/< d>. Ignoring the sur- size during deposition is determined by the
face curvature for the moment, the curvature curvature of the grain boundaries intersecting
of the grain boundaries themselves drives the the nominally two dimensional surface.
motion of grain boundaries at their points of
intersection with the surface. For this type The method employed in simulating the
of ~row,th we find the mean grain size <d> to development of Zone II m,lcrostructures is
evo ve In time as: Identical to that proposed In Ref. 11, where

the interested reader is referred for details.
cd>, = ,,”K z o“t<d> (14a) Although this Monte Carlo simulation procedure

is essentially two dimensional in naturey the
microstructure of real films is three dlmen -
siolal. The correspondence between the simu-

<,/> >“*qlfl , (l~bj idtlon and film relies on the fact that in
Zone II the microstructure below the surface

where a- sand Q’” are constants. This tl/2is kinetically frozen in and all micro-
qrain size dependence IS stronger that the tl/3 structural evolution occurs at the free

dependence noted in Eq. 13, thereby indicating sulfa c.e. Time in the two dimensional simula -

that the curvature of the grain boundary Istlon corresponds to distance from the SUb -
more important In deter~;;f~c~ grain growth str?te (measured normal to the substrate).
kinetics than is the morphology. This relationship IS due to the fact that at
Therefore an average grain will Increase in constant deposition rate, the frne surface

size with the second power of distance from move! awa Y from the substrate at a fixed

the substrate and will not become pinned (at veloclt Y. Therefore,

d - Am).

the film microstructure
(parallel to the surface) at different depths
Into the film mav be obtained from the two

IV. MC)NTE CARLO SIMULATIONS OF ZONE II dimensional simulated—.
different times,

microstructure at
Similarly, the micro struc -

Since the mobility of atoms on the surface ture observed on cross -$e$tioning the film
greatly exceeds that In the bul~~o;~~ lnterior(alon9 anY Plane contalnln~ the sub$trate
of the film IS effective

Y
during normat) is obtained by plottlng the position

deposition (for T < 0.5 Tm . Therefore, allof the grain boundaries at each time step,
of the mlcrostructural development of the film above the pos!tion of the grain boundaries at
must occur at the free surface, where the~he Previous time $te P.
~l;~o$it!nn flux is being incorporated into the

h hiie the surface morphology IS deter- The microstructure of a film simulated under

mined by the competition between a surface conditions of isotr,o Pi$ grain boundary and
curvature driven instability and surface dlf.surfac~ energy are ln~lc~ted In Fi9s. 7 and 8.
tuslon, the evolutlon of the grain siza during The klnk,s on the grain boundaries are results
deposition IS deter lnined by rain bound aryof !he dls.cretcness of the model and ‘would be
curvature In the plane of the ?Ilm, An atom,lnvlslble in a micro graph of an actual film.

deposited on the surface of the film, is fre PFi9ure 7 shows that the mean grain $Ize
tc dlffu$e until the next layer of atoms Increases as the free surface is approached,

deposited from the vapor bury ii and render it Most of the 9rain$ that were Pre$ent a: the
Immobile. The area of the ~urface such an substra@ have disappeared by the~heenl~ odfis~~
atom samples IS dictated by the mean diffusion deposition/growth
distance: D\/J

simulation
In diffusing along the sur-

face, the atom samples many different local
environments with different atomic site ener-
gies, The probability that an atom m~~es a
transition from one site to another in a unit
ttme IS

AN/A’,, r
/)-A II

(15)

where AE IS the difference In energy between
the new and old sites, A is a normalization
factor, and we have explicitly assumed that
the activation energy IS Identical for all
inter-site transitions While such tran-
sitions lead to surface diffusion, they also
control the evolutlon of grain size. Just as
the difference In energy between an atom on a
flat and curved surface IS proportional to the
surface energy and curvature, an atom s!ttlng
at a grain boundar

fJ

IS sensitive to the grain
boundary ener y an the curvature of the grain
boundary, T erefore an atom at a
boundary finds It more favorable to join]$r~;has area A/<Az The thpologlcal’ proper tl~s of

earance is-, a result of the growth compe,:’ on
g, Some grains are set~
(&gVeeY) a~~ac;l}tl~l;~ns’increase in size, btii
eventually lose out to the surrounding grains.
What appears as nbcleatlon of new grains in
Fi

#
7 is actually the impingement of a grain

w lch did not initially inter s~ct the plane of
th~ figure, Similarly the apparent coales-
cence of two grains is attributable to e,ther
the adv~nce of a curved grain boundary towards
Its center of curvatlre (In a o!ane parallel
to the surface) or the real ~:oalescence of two
grains of like orlentatlon, “The dlstrlbutlon
of grain sizeslz is found to be independent of
the depth O( the cross section provldeci that
the grain szes are normalized by the mean

?~;~d ;~z~’a r,?~;;na31~’ie;1’z;t~ :’&~’b’’t’on “

/’l A/..A >) r ‘4’. A ‘
(16)

where P(A/< A>) ,> the ~robabllltv that a araln
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the microstructure is essentially that oh-grains with low energy orientations, f, is
served for normal growth In bulk varied in the simulations.
mater ials,12 The meang~r~;n size is foundlz to
increase With distance ‘from the substrate as In Figs. ga-gc, wc show simulated micro-
hl/2, suggesting that the average grain sh ape structures for films grown with f = 0.4, 0,1,
ir? the plane perpendicular to the surface and 0.01, respectively, These figures alSO
should appear nearly parabollc. Aithaugh this $how the mean grain size, cA>, and the frac -
predicts an average grain shape, the growth tion Gf grains with low surface energy orien -
competition makes it impossible to observe tations, F, as a function of film thickness.
such a morphology. The resultant mlcrostruc- The f = 0.4 film (Fig. 9a) closely resembles
ture does however, a~pear essentially the film microstructure observer’ in the ab -
columnar. sence of surface energy anlsotropy The

———.—..----- . . . . .

.
.:

.,’)

transformation to uniformly low energy surface
orientation (F = 1) occurs very rapidly and
then evolution is controlled solely by grain
boundary curvature. The evolution of the mean
grain area, for this case, is linear over most
of the fil,m thickness, but shows a small per-
turbation at small heights where the texture
is evolving.

;. :,:.,, ! i

Figure 9a. Cross section of the film
perpendicular to the surface, for an initial
fraction, f = 0.4, of grains with low energy
orientations. Also shown are the mean grain-
size <A> and the fraction of grains, F, with
low surface crier y orientations, as a function

tof the film thic ness.

‘,’,
Figure 8. Cros> section of the film parallel l>; ,, i,;
to the substrate, ),<,)

)“ ;,!

Although we have assumed that all surfaces I ,, /“,,

have
,,,; ,

the
t

same energy, real crystalline /
‘: ‘imaterials show surface energy anlsotlopy. The J“:. ”.J

effect of surface erlergy anlsotropy on grain _--’l “’”

?
rowth in thin metallic

/
sheets wel! ,,~,, $ ,,, ),, ,,1

nown 13 Provldincr the sheet is ;Sot too F -,\.

thick, surface energ~ anisotropy can lead to
tertiary recrystalllza; lon or the fast growth Figure 9b. As In (9a) but for f = o 1
of those grains w[th low surface energy,13
One of the h~jlmarks of this effect IS the These effects become increa~lngly pronounced
csevelopment a strong crystal lographic with decreasing f (Figs 9a-9c) The micro -
texture (1. e the develop merit of prefer redstructurf!s show a transition from a relatively
crystallographic orlentatlon), Texture ef-fine grain size near the substrate to a much
fects are also commonly observpd In films, In more coarse grain size at larger h, This
order to study such effects ol~ the m~cr~.transition OCCUr S at larger h for decreasing f
structural evolution of films, w~ have Intro-at fixed surfaca energy anlsotropy, The large
duced e surftice energy anilotropy factor intoh 9rain size also increasef with decreasing f,
the Hamlltonlan of the simulation model (see Examination of the F and <A> versus thickness
Eq, 3 of Ref 11) The Initial fraction of plots $how that this tran$ltlon occurs near F



Ocl IJ f

1 (I.e. when the texture development is
complete). The parabolic shape of the <A> vs.

V. CONCLUSION

h plot at small h is due to the initial fast Theoretical, numerical, and simulation
growth of the low surface energy grain into results have been presented which show that
the matrix of hi h surface

{
energy grains columnar, Zone Ii film mi;~~structures are

around them. T e plots of F versus h primarily
(especially for f

controlled b
= 0.01) show a sideways slg - between discrete atomic ~eposition ~flp;;~;~~

m,: idal behavior. This behavior may be ales- diffusion. lhis model quantitatively des-
crioed in terms of the Johns on- Mehl-Avrami tribes the Zone I to Zone II transition tem -
transformation kinetics equation: peiature, the surface morphology, the columnar

;,’ grain structure, the film thickness dependence
,, of the grain size, and the development of film

texture. Future work will extend the theoret-
, Ical anal sis to

x
two dimensional surfaces,

address t e effects of atom!c shadowing on: ,.
Zone I microstructure, and elucidate the Zone

./ II to Zone Ill transition.( i,

j
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